Although almost all auditory brainstem nuclei receive serotonergic innervation, little is known about its effects on auditory neurons. We address this question by evaluating the effects of serotonin on sound-evoked activity of neurons in the inferior colliculus (IC) of Mexican free-tailed bats. Two types of auditory stimuli were used: tone bursts at the neuron's best frequency and frequency-modulated (FM) sweeps with a variety of spectral and temporal structures. There were two main findings. First, serotonin changed tone-evoked responses in 66% of the IC neurons sampled. Second, the influence of serotonin often depended on the type of signal presented. Although serotonin depressed tone-evoked responses in most neurons, its effects on responses to FM sweeps were evenly mixed between depression and facilitation. Thus in most cells serotonin had a different effect on tone-evoked responses than it did on FMevoked responses. In some neurons serotonin depressed responses evoked by tone bursts but left the responses to FM sweeps unchanged, whereas in others serotonin had little or no effect on responses to tone bursts but substantially facilitated responses to FM sweeps. In addition, serotonin could differentially affect responses to various FM sweeps that differed in temporal or spectral structure. Previous studies have revealed that the efficacy of the serotonergic innervation is partially modulated by sensory stimuli and by behavioral states. Thus our results suggest that the population activity evoked by a particular sound is not simply a consequence of the hard wiring that connects the IC to lower and higher regions but rather is highly dynamic because of the functional reconfigurations induced by serotonin and almost certainly other neuromodulators as well.
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A major focus of auditory research has been on how acoustic information is encoded in the inferior colliculus (IC) (Yin and Kuwada, 1984; Aitkin, 1986; Pollak et al., 1986; Brugge, 1992; Irvine, 1992; Oliver and Huerta, 1992) . The IC is of particular interest because it is a nexus in the ascending auditory pathway. It receives and integrates information coming from almost all lower auditory nuclei and as a consequence is involved in most, if not all, aspects of auditory processing (Beyerl, 1978; Roth et al., 1978; Adams, 1979; Brunso-Bechtold et al., 1981; Zook and Casseday, 1982; Aitkin, 1986; Ross et al., 1988; Oliver and Huerta, 1992; Vater et al., 1992) .
The pathways ascending from lower regions, however, are not the only sources of innervation to the IC. Other sources include descending input from the cortex (Huffman and Henson, 1990) and from neuromodulatory networks that include serotonergic, cholinergic, dopaminergic, and noradrenergic systems (Olazábal and Moore, 1989; Henderson and Sherriff, 1991; K lepper and Herbert, 1991; Thompson et al., 1994; Kaiser and Covey, 1997) . The innervation from the neuromodulatory systems is diffuse, in that a few neurons from each system innervate large numbers of neurons in each brain region. An example is serotonergic innervation, which originates from cell groups in the raphe of the brainstem. Serotonergic raphe neurons innervate virtually all regions of the C NS, from telencephalon to spinal cord, and these neurons play key roles in such diverse processes as development, motor output, and sensory processing (e.g., Rogawski and Aghajanian, 1980; Bassant et al., 1990; Jacobs and Azmitia, 1992; Jankowska et al., 1994; Lavdas et al., 1997; Hsiao et al., 1998; Vitalis et al., 1998) .
With regard to the auditory system, the serotonergic system is of particular interest because it innervates most, if not all, nuclei in the ascending auditory system (Willard et al., 1984; Klepper and Herbert, 1991; Thompson et al., 1994; Kaiser and Covey, 1997) . However, the influence of serotonergic innervation on auditory processing is poorly understood, even though a great deal is known about serotonergic effects in a variety of nonauditory cells in both vertebrates and invertebrates (e.g., Rogawski and Aghajanian, 1980; Harris-Warrick et al., 1992; Oleskevich and Lacaille, 1992; Byrne and Kandel, 1996; Wang et al., 1996) . Only three electrophysiological studies that evaluated the influence of serotonin have been conducted in brainstem auditory nuclei. One study by Ebert and Ostwald (1992) was conducted in the cochlear nucleus, and another study by Wang and Robertson (1997) was on the ventral nucleus of the trapezoid body and rostral periolivary zone. The descriptions in both studies are sparse and only report that serotonin can either facilitate or depress responses evoked by tone bursts or injected current. There is a comparable paucity of information about the influence of serotonin on IC neurons. The only information is contained in a short paragraph in a review of neurotransmitters in the IC by Faingold et al. (1991) . There he briefly mentions that serotonin had only depressive effects on the six IC neurons that he studied.
To obtain additional insights into the functional roles that serotonin might have in the processing of acoustic information, we initiated studies to evaluate its effects on the responses of IC neurons evoked by simple and complex signals in Mexican free-tailed bats. We chose Mexican free-tailed bats as experimental subjects because they were the subjects of previous anatomical and physiological studies (Pollak et al., 1977; Bodenhamer et al., 1979; Grothe et al., 1994 Grothe et al., , 1997 Park et al., 1996 Park et al., , 1998 . Those studies showed that their auditory nuclei are greatly hypertrophied but the circuitry and response properties of their brainstem auditory nuclei are f undamentally similar to those reported for other, less specialized mammals. Furthermore, these animals rely heavily on their sense of hearing for both communication and echolocation, and the features of many of those signals have been described (Simmons et al., 1978 (Simmons et al., , 1979 Gelfand and McCracken, 1986; Balcombe and McCracken, 1992) . Here we present the results from a study that evaluated the influence of serotonin on the responses evoked by both tone bursts and frequencymodulated (FM) signals whose structure approximates their echolocation calls. We show that serotonin has substantial effects on discharge properties of many IC neurons and that the particular effect often depends on the structure of the acoustic signal.
MATERIALS AND METHODS
Surg ical procedures. Animals were anesthetized with methoxyflurane inhalation (Metofane; Mallinckrodt Veterinary, Mundelein, IL) and 0.02 mg /gm neuroleptic Innovar-Vet (Pitman-Moore) injected intraperitoneally. The hair on the head was removed with a depilatory, and the head was placed in a holder with a bite bar. The skin and muscle overlying the skull were reflected after the topical application of 2% Lidocaine (Elkins-Sinn, Cherry Hill, NJ) to the initial incision. The surface of the skull was scraped free of tissue, and a foundation layer of cyanoacrylate and a layer of glass beads were applied to the skull. A small hole was then drilled over the center of the inferior colliculus.
The bat was transferred to a heated, sound-attenuated recording chamber, where it was placed in a restraining cushion constructed of foam molded to the animal's body. The restraining cushion was attached to a platform mounted on a custom-made stereotaxic instrument (Schuller et al., 1986) . A small metal rod was cemented to the foundation layer on the skull and then attached to a bar mounted on the stereotaxic instrument to ensure a uniform positioning of the head. A ground electrode was placed between the reflected muscle and the skin. Recordings were begun after the bats recovered from the anesthetic. The bats typically lie quietly in the restraining cushion and show no signs of pain or discomfort. Water was provided with a dropper every 1-2 hr. Supplementary doses of the neuroleptic were given if the bat struggled or otherwise appeared in discomfort. If the bat continued to show signs of discomfort, recordings were terminated, and the bat was returned to its cage.
After the bat was placed in the recording chamber, the electrode was advanced to the surface of the IC through the previously drilled hole under a dissecting microscope. The electrode was subsequently advanced through the brain from outside of the recording chamber using a piezoelectric microdrive (model 6000; Burleigh, Fishers, N Y). All experimental procedures were in accordance with a protocol approved by the University of Texas Institutional Animal C are and Use Committee.
Electrodes. Recordings were made with "piggy back" multibarrel electrodes (Havey and C aspary, 1980) . A five-barrel H configuration blank (model 6120; A-M Systems, C arlsburg, WA) was pulled, and the tip was blunted to 10 -15 m. Recordings were made with a single-barrel micropipette, pulled previously, that was glued to the multibarrel array so that the tip of the recording electrode was 10 -20 m from the blunted end of the multibarrel electrode. The recording electrodes had resistances of 8 -15 M⍀. The recording electrodes and the central barrel of the multibarrel electrode were filled with buffered 1 M NaC l and 2% fast green, pH 7.4. The fast green allowed the electrodes to be easily visualized during placement over the inferior colliculus. The remaining barrels were each filled with serotonin creatinine sulfate (20 mM in 200 mM NaC l, pH 4) or the vehicle solution (200 mM NaC l, pH 4). This concentration of serotonin was similar to that used previously by Faingold et al. (1991) . Throughout the text we will also refer to serotonin as 5-hydroxytryptamine (5-HT). The barrels of the multibarrel electrode were connected via silver-silver chloride wires to a six-channel microiontophoresis constant-current generator (Neurophore, BH-2; Medical Systems, Greenvale, N Y). The central barrel was connected to the sum channel to balance current in the drug barrels and reduce current effects on the recorded neuron. The recording electrode was connected via a silver-silver chloride wire to a Dagan AC amplifier (model 2400; Minneapolis, M N). When a drug was not being applied, a retention current of Ϫ15 nA was applied to each drug barrel to prevent leakage. Drugs were applied by passing a positive ejection current that ranged from ϩ10 to ϩ90 nA.
Acoustic stimulation, processing of spik e trains, and iontophoresis. Search stimuli were tone bursts presented to the contralateral (excitatory) ear at a rate of 4 per second. The search tones were generated by a sine wave f unction generator (model 136; Wavetek, San Diego, CA) and shaped by a custom-made analog switch (model 15; Restek, Austin, TX). Tone bursts shaped by the switch were 10 -20 msec in duration and had 0.2 msec rise -fall times. Tone-burst frequency was monitored by a frequency counter. Tone bursts and downward-sweeping frequency-modulated (FM) signals having any desired duration as well as starting and terminal frequency could be digitally generated by the computer (Power Macintosh 7100/66). A 24-bit digital interface NuBus card (DIO-24; National Instruments, Austin, TX) and a digital distributor (model 99; Restek) communicated the Power Macintosh 7100/66 computer to a two-channel digital attenuator (model PATT; Wilsonics, San Jose, CA). The outputs of each independently controlled channel of the attenuator were sent to two 1/4 inch Brüel & Kjaer microphones biased with 200 V DC and driven as loudspeakers. The loudspeakers were flat within Ϯ5 dB from 18 to at least 60 kHz. At the start of each experiment, speakers, with windscreens attached, were inserted into the f unnels formed by the bat's pinnae and positioned adjacent to the external auditory meatus. The pinnae were folded onto the housing of the microphones and wrapped with Scotch tape. The acoustic isolation with this arrangement was at least 40 dB.
Spikes were fed to a window discriminator and then to a Macintosh 7100 computer controlled by a Restek model 45 real-time clock. Peristimulus time (PST) histograms and rate-level f unctions were generated and graphically displayed. Unless otherwise noted, each PST histogram was generated from the discharges evoked by 20 presentations of a signal at a particular intensity.
After a unit was isolated, the best frequency (BF, the frequency to which the neuron was most sensitive) and the threshold at BF were determined. Threshold was defined as the intensity that evoked at least 4 spikes/20 tone bursts. After this initial evaluation of neuronal properties, computer-generated BF tone bursts and /or FM signals were presented to the contralateral ear. The tone bursts were either 10 or 20 msec in duration and had 0.2 msec rise -fall times. The FM signals had a duration of 5-10 msec with 0.2 msec rise -fall times and had frequency excursions tailored to each neuron's BF. The FM signals always spanned 10 kHz and swept downward from above the BF (usually 5 kHz above) to beneath the BF (usually 5 kHz beneath). Rate-level f unctions were obtained for each unit by plotting spike counts evoked by BF tone bursts or FM sweeps at intensities ranging from threshold, or 5-10 dB below threshold, to 40 -50 dB above threshold in 10 dB increments. After the acquisition of these data, the same stimuli were presented during the application of serotonin. During serotonin application, rate-level f unctions were monitored while ejection currents from ϩ10 to ϩ90 nA were applied. For each ejection current, rate-level f unctions were obtained until spike counts had stabilized. After spike counts were stable, the complement of tone bursts or FM signals was presented again, and the same response features were obtained for comparison with those obtained before the application of drugs. The ejection current was then switched off, and "recovery" rate-level f unctions were obtained over the next 5-10 min.
Statistics. In addition to spike counts, we also measured latencies to first spikes and, where appropriate, interspike intervals. For individual neurons, ANOVAs were performed on latencies and interspike intervals, with sound intensity and treatment (pre-ejection or serotonin) as independent variables.
Pre-ejection and serotonin latencies were also compared across the population of inferior colliculus neurons. The latency value for each neuron was the average obtained from 20 sound presentations at each sound intensity. The latency values for each neuron were then normalized for threshold and pooled with values from other neurons. Preejection and serotonin values were then compared with paired two-tailed t tests.
RESULTS
Here we report on the influence of 5-HT on 151 single cells from the inferior colliculi of Mexican free-tailed bats. All signals were presented monaurally to the contralateral ear. In 70 neurons we examined serotonin effects on the responses to tones, whereas in 45 neurons we evaluated effects of serotonin on the responses to standardized FM signals. These two groups of neurons overlapped by 35 neurons, in which we examined the effects of serotonin on responses to both tone bursts and FM sweeps in the same neuron. The term "standardized" refers to 5 or 10 msec FM signals that swept downward through a 10 kHz range and had a starting frequency that was usually 5 kHz above the neuron's BF and a terminal frequency that was usually 5 kHz below the BF. In 71 other neurons we evaluated the influence of serotonin on FM signals that had a variety of durations and sweep frequencies.
The principal effect of serotonin that we evaluated was whether it depressed or facilitated response magnitude. We considered that serotonin had either a depressive or facilitative effect if the spike counts evoked by either BF tone bursts or FM sweeps changed by at least 30% over the pre-ejection spike counts for at least one sound intensity. When changes in spike count occurred, they developed over the course of several minutes after serotonin was first applied and recovered either partially or completely within 5 min of terminating the application of serotonin. To ensure that whatever effects we observed were indeed caused by serotonin and not by the vehicle or by the iontophoretic current, we iontophoresed the vehicle alone in 39 neurons. In each neuron, we documented the cell's rate-level f unction before (pre-ejection) and during the iontophoresis of the vehicle. We then evaluated the effect of the vehicle by comparing the maximum tone-evoked spike counts before and during the ejection of the vehicle in each of the 39 neurons. Spike counts were measured at the lowest intensity that evoked the maximum response for neurons with monotonic rate-level f unctions and at 20 -30 dB above threshold for neurons with nonmonotonic rate-level f unctions. In the preejection condition, the maximum tone-evoked response was, on average, 35.3 Ϯ 5.3 spikes (ϮSEM), whereas the same tones evoked an average spike count of 38.4 Ϯ 5.6 spikes (ϮSEM) while the vehicle solution was iontophoresed. The two values were not significantly different ( p Ͼ 0.05, two-tailed paired t test). We also applied serotonin to nine of these cells. Serotonin depressed the spike counts in three cells and facilitated the spike count in one cell. The vehicle alone, however, did not. A representative neuron is shown in Figure 1 and illustrates that although the cell's spike counts were depressed by serotonin, the vehicle solution alone caused no change in spike count. We are therefore confident that whatever changes in responsiveness we observed during the application of serotonin were indeed caused by serotonin and not by the vehicle solution or the spread of current through the ejection electrode.
Serotonin often modulated responses to tone bursts
Serotonin had a substantial effect on the spike counts evoked by tone bursts in 46 of the 70 neurons tested (66%). Typically, serotonin depressed responses evoked by tone bursts. Of the 46 cells whose responses to tone bursts were changed by serotonin, 36 cells (78%) had spike counts that were depressed. Although our criterion for depression was a spike-count reduction of 30%, the depression was commonly greater, where the average spike counts were depressed to 66.8% (Ϯ4%) of their pre-ejection values. The depressive effects of serotonin are illustrated by the neuron in Figure 2 .
Figure 2 also illustrates four other features that were seen in the majority of IC cells whose tone-evoked discharges were affected by serotonin. The first feature is that serotonin depressed the spike counts by approximately the same proportion at every sound intensity. In this neuron the spike counts were depressed ϳ50% below the pre-ejection spike count at each intensity. Consequently, the shape of the rate-level function was not changed by serotonin, because it was monotonic before and during the application of serotonin. In other cells, the rate-level function was nonmonotonic both before and during the application of serotonin. The second common feature of Figure 2 was that the toneevoked temporal discharge pattern was not markedly changed by serotonin. If a neuron displayed a sustained or an onset discharge pattern in the pre-ejection condition, serotonin simply reduced the overall magnitude of the response. This was also generally true for neurons whose tone-evoked responses were facilitated by serotonin, as described below. The third common feature was that the spike counts recovered within 5 min after terminating the application of serotonin. Although not every cell recovered completely, 70 neurons for which we obtained data 5 min after the termination of serotonin application recovered to an average of Ͼ90% of their pre-ejection spike counts (recovery was obtained from 24 neurons tested with tones and from 36 neurons tested with FM sweeps). The fourth feature was that the threshold of tone-evoked discharges was usually not changed by serotonin; thresholds for tone bursts were unchanged in 67% of the neurons recorded. In the other 33% of neurons, for which serotonin did change the threshold, the direction of the threshold change always corresponded to the change in the spike count. For example, when serotonin depressed spike counts, it also caused a threshold increase in those cells.
The effects of serotonin on the neuron represented in Figure 2 also had some features not shared by the general neuronal population in the inferior colliculus. One feature was that the spikecount depression for the neuron in Figure 2 was accompanied by a statistically significant decrease in first-spike latency at low Figure 1 . Neuron in which iontophoresis of 5-HT depressed tone-evoked discharges whereas iontophoresis of vehicle solution alone had no effect on neuronal responsiveness. Controls are spike counts evoked by 20 repetitions of the tone bursts presented over a range of intensities ( filled circles). After the controls, serotonin was applied with an ejection current of 50 nA (open circles), which reduced the spike counts evoked by most intensities. After the ejection current was turned off, the spike counts recovered within 5 min to pre-ejection values ( filled squares). After recovery, the vehicle solution alone was iontophoresed with an ejection current of 50 nA (open squares), the same ejection used for iontophoresis of serotonin. The spike counts evoked during the ejection of the vehicle solution were virtually the same as those evoked in the preejection condition. BF was 34.1 kHz. The tone-burst duration was 20 msec. SPL, Sound pressure level.
intensities. As shown in Figure 3A , the pre-ejection latency at 10 dB SPL was 9.9 msec and increased to 16.2 msec during the application of serotonin. Serotonin-induced latency changes, however, were not generally seen in inferior colliculus neurons. Indeed, when we pooled the latencies of the population we recorded, there were no significant differences in average firstspike latencies to tone bursts, as shown in Figure 3B , or to standardized FM sweeps (Fig. 3C ) at any intensity.
In contrast to the depression seen in most neurons, serotonin facilitated tone-evoked responses in only 10 of the 46 cells (22%). The facilitation in these 10 cells, however, was usually substantial and caused the spike count to increase on average by 168.7% (Ϯ61.4%). Facilitation is illustrated by the neuron in Figure 4 . This neuron showed a particularly dramatic facilitation, partly because it hardly fired at all to tones before serotonin was applied (in the pre-ejection condition). Other neurons had relatively high pre-ejection spike counts that were also facilitated by at least 30%, and usually more, by serotonin. Although it is not obvious in Figure 4 , the facilitation in most neurons was typically an increase in discharge vigor without a marked change in discharge pattern.
Thus, the overall response magnitude of sustained cells increased while the discharges of onset cells became more vigorous at the onset of the signal without prolonged discharges that would transform the pattern into a sustained pattern. Two exceptions were the neurons (see Figs. 7, 8) whose discharge patterns were lengthened by serotonin.
In summary, in the 46 cells whose responsiveness to tone bursts was modulated by serotonin, the spike counts in the majority (78%) of the cells were depressed, whereas the spike counts in only a minority of the population (22%) were facilitated. Figure 2 ; each data point represents the average latency for 20 tone presentations at the sound level shown on the x-axis. The average latency during serotonin application is significantly different from the average pre-ejection latency (ANOVA, p Ͻ 0.01). B, Average tone-evoked latency of the population of IC cells was not significantly changed by serotonin at any sound intensity (2-tailed paired t tests, p Ͼ 0.1). Sample sizes were, at 10 dB above threshold, 46; at 20 dB, 46; at 30 dB, 39; at 40 dB, 27; at 50 dB, 11; and, at 60 dB, 4. C, Serotonin had no overall effect on latencies to FM sweeps across the population of inferior colliculus neurons at any sound intensity (2-tailed paired t tests, p Ͼ 0.1). Sample sizes were, at 10 dB above threshold, 29; at 20 dB, 29; at 30 dB, 24; at 40 dB, 15; and, at 50 dB, 3. Error bars represent the SEM.
Serotonin also altered spontaneous activity in some cells
Serotonin altered spontaneous activity as well as tone-evoked activity in many IC neurons. To evaluate the degree to which serotonin had parallel effects on spontaneous and tone-evoked activity, we collected data on spontaneous activity in 38 neurons in which we also evaluated the effect of serotonin on tone-evoked responses. Because the spontaneous firing rate of IC neurons in these animals is low, we collected spike counts in the absence of acoustic stimulation in a 200 msec window (in contrast to the 20 -50 msec window for tone-evoked discharges) and summed the discharges in up to 50 trials. Serotonin depressed spontaneous activity in 16 cells (42%), facilitated spontaneous activity in 12 cells (32%), and had no effect on 10 others (26%). Serotonin also affected the tone-evoked responses in 21 of these 38 neurons, depressing 15 (39%) and facilitating 6 (16%).
The effects of serotonin on spontaneous and tone-evoked discharges were not always the same. In the 38 neurons tested, the effect (or lack of effect) of serotonin on spontaneous and toneevoked activity was qualitatively similar in 18 neurons and different in 20 other neurons. Figure 5 , A and B, illustrates neurons for which serotonin had similar effects on both spontaneous and tone-evoked discharges, either to decrease (Fig. 5A) or to increase (Fig. 5B) discharges. Figure 5 , C and D, illustrates neurons for which serotonin had different effects on spontaneous and tone-evoked activity. For the neuron in Figure 5C , serotonin increased spontaneous discharges while it suppressed toneevoked discharges. For the neuron in Figure 5D , serotonin had no effect on the spontaneous activity but facilitated tone-evoked activity.
These effects of serotonin on tone-evoked and spontaneous activity may provide insights into whether serotonin was acting pre-or postsynaptically. Serotonin can act by altering one or more conductances that either hyperpolarize or depolarize the postsynaptic cell (Andrade and Nicoll, 1987; Colino and Halliwell, 1987; Baskys et al., 1989) , or it can act presynaptically by altering a conductance in presynaptic regions, thereby influencing transmitter release (Segal, 1990; Mintz and Korn, 1991; Huang et al., 1993) . If serotonin were acting only on postsynaptic receptors in IC neurons, it should have the same effect on both spontaneous and tone-evoked activity, as it did in some IC neurons. The fact that serotonin had different effects on spontaneous and toneevoked activity in approximately one-half of the other cells suggests that the effects of serotonin on IC neurons were not exclusively postsynaptic. T wo neurons in which serotonin had the same effect on spontaneous and tone-evoked activity are shown. A, Serotonin decreased both spontaneous and tone-evoked activity. B, Serotonin increased spontaneous and toneevoked activity and decreased the threshold for the tone-evoked response. C, D, T wo neurons in which serotonin had different effects on spontaneous and tone-evoked activity are shown. C, Serotonin increased spontaneous activity but decreased tone-evoked activity. D, Serotonin had no effect on spontaneous activity but increased tone-evoked activity. The BFs of the cells in A-D were 27, 25.7, 25.5, and 26.8 kHz, respectively.
Serotonin effects on responses to standardized FM sweeps were evenly mixed between facilitation and depression
Forty-five neurons were tested with standardized FM sweeps. The responses of 20 cells (44%) were influenced by serotonin, but the effects of serotonin on these 20 cells were more evenly divided between depression (12 cells; 60%) and facilitation (8 cells; 40%) than were the effects of serotonin on tone-evoked responses described above. Serotonin depressed the spike counts of the 12 cells (60%) by an average of 59.9% (Ϯ5.2%) of their pre-ejection spike counts. Figure 6 illustrates the depressive effects of serotonin on FMevoked activity. For this neuron, serotonin caused an overall depression of spike counts. Although the depression was greatest at lower intensities (30 -40 dB SPL), there was no change in the general shape of the rate-level f unction, which was monotonic before and during the application of serotonin. In this neuron, serotonin also caused an increase in threshold and a small, but significant, increase in the latency to the first spike. For example, at 60 dB the average latency to the first spike changed from 13.2 msec before serotonin to 13.9 msec during serotonin addition.
Overall, serotonin had a larger effect on FM-evoked thresholds than on tone-evoked thresholds. With FM sweeps, serotonin changed thresholds in 44% of the neurons, whereas tone-evoked thresholds were changed in 33% of the neurons. As was the case for tone-evoked threshold changes, when serotonin changed the FM-evoked threshold, the direction of the threshold change always corresponded to the change in the spike count, in that when serotonin raised the threshold it always depressed spike counts and when it lowered the threshold it always facilitated responses.
In 8 of the 20 cells (40%), serotonin facilitated spike counts evoked by FM sweeps by an average of 144% (Ϯ 45%). Figure 7 illustrates facilitation in a neuron in which FM-evoked spike counts more than doubled at most sound intensities. This serotonin-induced facilitation was attributable both to an increase in the magnitude of the initial discharge rate and to an increase in the duration of the discharge train. For example, at 50 dB SPL, the initial discharge rate to the FM sweep was far more vigorous with serotonin, and the duration of the spike train was three times longer than that of the pre-ejection discharge train. Both the duration of the spike train and the spike count partially recovered after serotonin iontophoresis was terminated. Such a serotonininduced change in the temporal discharge pattern was rarely seen with tone-evoked facilitation, although it was seen with FM sweeps in another neuron (Fig. 8) besides the neuron in Figure 7 . However, in the 6 other neurons in which serotonin facilitated spike counts, the facilitation was not accompanied by a change in the duration of their spike trains, which is similar to the serotonin-induced effects on responses to tone bursts described previously. 
Serotonin often had differential effects on responses to tones and standardized FM sweeps in single cells
In the above sections we described the influence of serotonin on responses evoked either by tone bursts or by standardized FM sweeps. Here we evaluate the effects serotonin had on responses to both tone bursts and standardized FM sweeps in the same neuron.
Of the 35 neurons tested with both signals, 25 neurons (71%) displayed a change in spike count either to tone bursts, to FM sweeps, or to both signals during the application of serotonin. We classified these neurons on the basis of whether serotonin effects on the responses to tones and FM sweeps were similar or divergent. In 9 of the 25 cells (36%), serotonin changed the responses to tones and FM sweeps in the same direction, either depressing the responses to both signals or facilitating them. In agreement with the predominately depressive effects of serotonin on toneburst responses presented previously, the spike counts evoked by both tones and FM sweeps were depressed by serotonin in 7 of the 9 cells, whereas the responses evoked by the two signals were facilitated by serotonin in only 2 cells.
The neuron in Figure 8 was one of the two neurons in which serotonin facilitated the responses both to tone bursts and to FM sweeps. Serotonin increased the duration of the response for both tones and FM sweeps. In the pre-ejection control, the neuron usually fired only once per stimulus for both tones and FM sweeps. When serotonin was iontophoresed, however, the neuron often fired twice in response to the tone and three times in response to the FM sweep. During serotonin addition, the interspike interval at 60 dB was 3.2 Ϯ 0.4 msec for the tone response and 2.3 Ϯ 0.2 msec for the FM response. Serotonin did not significantly alter the latency to the first spike for either tone or FM responses.
The most interesting results occurred in 16 of the 25 neurons (64%), because in these neurons serotonin had a different effect on tone-evoked responses than it did on FM-evoked responses. In some neurons serotonin depressed responses evoked by tone bursts but left the responses to FM sweeps unchanged. This differential effect is illustrated by the neuron in Figure 9 . In other neurons serotonin had little or no effect on the spike count in response to tone bursts although it facilitated responses to FM sweeps. The spike counts evoked by tone bursts for the neuron in Figure 10 , for example, were hardly changed by serotonin. Serotonin appeared to increase the average latency to the first spike at 50 dB, from 6 to 7.2 msec, but did not change the latency at other intensities. In contrast, serotonin substantially facilitated the responses evoked by FM sweeps. In particular, serotonin increased the spike count in the latter part of the cell's FM response at 50 and 60 dB. The total duration of the FM response was not changed much at these intensities by serotonin, because the cell fired over the same time period before and during serotonin addition, but only weakly in the pre-ejection condition. However, when serotonin was added, the increase in firing over this similar duration led to greatly shortened interspike intervals. For example, at 60 dB, the interspike interval decreased from 4.71 Ϯ 0.85 msec before serotonin addition to 2.69 Ϯ 0.15 msec during serotonin application.
Serotonin differentially influenced responses to FM sweeps that had different temporal or spectral structures
The results presented above show that serotonin had substantial effects on discharge properties of many IC neurons and that the particular effect often depended on the structure of the acoustic signal. Here we show that not only did serotonin often have a differential effect on the responses of tones compared with that of standardized FM sweeps but serotonin could also differentially influence the responses evoked by FM sweeps that had different temporal or spectral structures. Differential serotonin effects on FM sweeps were seen in 15.5% (11 of 71) of the neurons to which we presented two or more types of FM sweeps. The neurons shown in Figures 11 and 12 illustrate these effects. For the neuron in Figure 11 , we presented two FM signals that swept through the same frequencies but had different durations and, thus, different sweep rates. Both signals swept downward from 22.6 to 20.6 kHz, but one signal swept through these frequencies over a 10 msec duration whereas the other signal sweep through the same frequencies over 2 msec. When the 10 msec FM sweeps were presented, the neuron fired briskly, and spike counts increased monotonically with increasing signal intensities. Serotonin had little effect on the discharge magnitude at any intensity, except at 50 dB SPL at which the spike count increased slightly over the pre-ejection level. In contrast, the responses evoked by the 2 msec FM sweep were initially weak and were markedly facilitated by serotonin. Figure 12 shows a neuron in which serotonin had differential effects on FM sweeps that had the same duration but different frequency excursions. The duration of both FM sweeps was 10 msec, but one signal swept upward by 10 kHz, from 22.3 to 32.3 kHz, whereas the other signal swept upward by 4 kHz, from 25.3 to 29.3 kHz. Serotonin depressed responses to the 10 kHz sweep at all intensities. In contrast, serotonin enhanced responses at most intensities to the shallower, 4 kHz sweep. Thus, in this neuron serotonin had a different effect on responses to FM sweeps that had the same duration but differed in frequency excursion, whereas in the previous neuron serotonin differentially influenced responses to FM sweeps that swept through the same range of frequencies but with different sweep rates.
DISCUSSION
There are two central findings of this paper. The first is that serotonin depresses or facilitates the responsiveness of many IC neurons. In this regard, our findings agree with three previous reports that serotonin can have either facilitative or depressive effects on auditory neurons (Faingold et al., 1991; Ebert and Ostwald, 1992; Wang and Robertson, 1997) . The second and more interesting finding is that the effect of serotonergic modulation on the responses of many IC neurons is dependent on the type of auditory signal presented. Thus the predominant effect of serotonin on responses evoked by tone bursts is depression, whereas serotonin depresses or facilitates the responses evoked by FM sweeps in approximately equal numbers of neurons. More strikingly, this difference in the effects of serotonin on responses to tones and FM sweeps also occurs in single IC neurons. Thus serotonin often had no effect on the responses evoked by one signal, whereas in the same cell it had a profound effect on the responses evoked by another signal. Finally, in some neurons serotonin has a differential influence on responses to FM sweeps that have different temporal or spectral structures. These differential effects of serotonin have not been reported previously.
Mechanism of serotonin effects is complex
Ideally, we would like to explain the effects of serotonin on IC cells in terms of the particular 5-HT receptors that are activated by serotonergic inputs to IC cells. However, very little is known about the types of 5-HT receptors that are present in the IC, and the techniques that we used provide insufficient information for advancing explanations on this level. There is a vast array of 5-HT receptors in the C NS that can act pre-or postsynaptically. Seven serotonin receptor families, designated 5-HT 1 through 5-HT 7, have been classified, and numerous subtypes are recognized within each family (Peroutka, 1994) . With one exception, the 5-HT 3 receptor (Gyermek, 1995) , all other receptors act metabotropically, by triggering second messenger cascades that ultimately modulate one or more currents (Andrade et al., 1986; Peroutka, 1994) . The variety of currents modulated by one or another of the 5-HT receptors is impressive and includes sodium currents and a variety of potassium and calcium currents, as well as a mixed cation current, the I h current (Colino and Halliwell, 1987; Berger and Takahashi, 1990; McCormick and Pape, 1990; Sah, 1990; Bayliss et al., 1995; Aghajanian and Marek, 1997) . However, the only 5-HT receptor in the auditory system identified so far is the 5-HT 1A receptor, which is densely distributed in the IC (Thompson et al., 1994) . This is the only receptor that has been identified so far because probes for other 5-HT receptors have not been used in studies of the auditory system.
Although we cannot explain our results via the influences of various receptor types, our results suggest that serotonin modulates some of the excitatory and/or inhibitory synapses but not others. Stated differently, it would appear that serotonin facilitates (or depresses) the responses to frequencies that generate portions of the cell's excitatory tuning curve as well as facilitating or depressing the responses to frequencies that generate its inhibitory flanks. For example, one possibility is that serotonin depresses excitation evoked by BF tone bursts in some neurons and also depresses the inhibition evoked by higher or lower frequencies that comprise the cell's inhibitory surround. If we assume that the starting frequencies of the sweep initially stimulate the inhibitory surround, which would be depressed by serotonin, and then sweep through the excitatory portions of its tuning curve, the elimination of inhibition could offset the depression of excitation. This arrangement offers a potential explanation for how serotonin could depress the responses to BF tone bursts while having little or no apparent effect on responses to FM sweeps. The effects of serotonin on excitatory tuning and its inhibitory flanks and the degree to which those influences can explain facilitation or depression of responses evoked by various signals are currently under investigation and will be the subject of a future report.
Although the mechanisms are not well understood, the serotonergic influences that we observed have functional consequences of considerable importance. Below we discuss those consequences and argue that the modulatory effects of serotonin can profoundly change the population coding of acoustic signals in the IC. We then discuss why the modulation is highly dynamic and may well be subject to behavioral states.
Some functional consequences of serotonergic innervation on the processing of acoustic information in the IC
The finding that serotonin often modulates responses to tones differently than responses evoked by FM sweeps shows that the conclusions drawn from studies evaluating the effects of serotonin in auditory nuclei would be determined, in large part, by the nature of the acoustic signal used. If, for example, we had only evaluated the influence of serotonin on responses evoked by tone bursts, we would have concluded that the dominant effect of serotonin on IC neurons is depression. However, had we only evaluated the influence of serotonin on FM sweeps, we would have concluded that serotonin effects are mixed equally between facilitation and depression. Both conclusions would be justified by the data, but neither is entirely correct. Rather the particular effect that serotonin has on a neuron most often depends on the nature of the acoustic signal, as illustrated both by the differential effects serotonin often has on responses to tones compared with FM sweeps and also by the differential influences serotonin can have on responses to FM sweeps that differ in temporal or spectral structure. It therefore follows that serotonin modulates the population coding differently for different signals.
We point out that the results of this study also may not accu-rately reflect the way serotonin modulates responses evoked by the various signals these animals normally receive. Although many of the FM sweeps that we used are structurally similar to the echolocation calls emitted by Mexican free-tailed bats, they are not the same as their natural echolocation calls. The majority of FM signals that we used had durations of 5-10 msec, swept downward only by 10 kHz, and most importantly were spectrally tailored so that they swept through the neuron's BF. The natural echolocation calls have larger frequency excursions, which sweep from ϳ40 to 20 kHz over a 2-5 msec duration, are emitted with a harmonic, and change systematically both in duration and spectral content as these bats search for, detect, and then home in on a target (Simmons et al., 1978 (Simmons et al., , 1979 . Additionally, these animals use a rich diversity of acoustic signals for communication. Calls emitted during interactions between mothers and infants, for example, are rich in harmonics, have both upward and downward frequency modulations, and have durations of tens of milliseconds (Gelfand and McCracken, 1986; Balcombe and McCracken, 1992) . Because the effect of serotonin in many neurons depends on the type of signal presented, it seems likely that if we had used a repertoire of true echolocation and communication signals we would have obtained a more complex set of serotonin effects in an even larger proportion of cells than we found with the more limited stimuli that we presented in this study.
Serotonergic modulation is dynamic and influenced by behavioral states
The substantial impact of serotonin on the responsiveness of many IC neurons suggests that modulation of the activity of serotonergic neurons should also modulate responsiveness of neurons at each level of the auditory pathway. Below we discuss this issue as well as what some of the functional consequences of having response properties of auditory neurons modulated by serotonergic innervation might be. With regard to the issue of the activity of serotonergic neurons, previous studies have shown that some serotonergic neurons in the dorsal raphe, the region that provides the largest projection to the IC, have a slow rhythmic discharge rate in quiet, awake animals (Trulson and Jacobs, 1979; Trulson and Trulson, 1982; Rasmussen et al., 1986) . This basal level of activity presumably has some influence on the processing of acoustic information in awake animals. The hypothesis that basal serotonergic activity influences auditory processing is consistent with a recent study that showed that systemic depletion of serotonin, by intravenous injections of para-chlorophenylalanine, significantly increased the latency of auditory brainstem responses from several lower levels in awake bush babies (Revelis et al., 1998) . Taken together, these findings suggest that basal levels of endogenous serotonin influence the responsiveness of auditory neurons in passively listening awake animals. It also follows that the effects of the iontophoretically applied serotonin we observed most likely enhanced the effects of endogenous serotonin.
The roles of the serotonergic system become more interesting when changes in its activity levels induced by behavioral states, such as when an animal vocalizes or directs its attention to a sound source, are considered. A recent proposal by Fornal et al. (1996) is particularly relevant to this issue. On the basis of studies showing that serotonin depresses responses in visual and nociceptive systems, they suggest that under conditions in which the animal is not directing attention to any stimulus, the basal activity of serotonergic neurons inhibits afferent sensory systems and thereby depresses activity in sensory systems. However, their studies have also shown that when an animal orients to a novel stimulus, the activity of dorsal raphe neurons decreases significantly. Thus, they propose that the decreased serotonergic activity disinhibits sensory systems. The disinhibition allows the sensory system to respond with facilitated responses as the animal focuses its attention on the stimulus that evoked the orienting response.
The results of this study, however, are inconsistent with the hypothesis of a general suppression of sensory responsiveness because of serotonergic activity. If we had presented only tone bursts, the dominant effect of serotonin would have been a suppression that is consistent with the hypothesis. However, the increased number of neurons in which responses to FM sweeps are facilitated and the differential effects serotonin has on responsiveness evoked by tones and FM sweeps in individual neurons are not consistent with the proposition that serotonin simply has a suppressive effect on auditory neurons.
Rather, our results show that the modulatory influences that serotonin exerts differ among neurons and often depend on the nature of the acoustic signal. Whatever form these serotonininduced shifts in responsiveness assume, they result in changes in the population coding of an auditory stimulus. These shifts in responsiveness can be viewed as a functional reconfiguration of the neural circuitry, with serotonin accentuating responses to sounds in some neurons and dampening it in others. Additionally, the efficacy of the serotonergic innervation depends on the activity level of the raphe serotonergic system, which itself is partially modulated by sensory stimuli and by attention or other behavioral states. All of this suggests that the pattern of activity presented to the IC from lower centers, as well as the way the IC population responds to that innervation, can be changed substantially when an animal emits vocalizations, when it directs attention toward a stimulus, and by its general state of arousal. In short, our data suggest that the sound-evoked population activity in the IC is not simply a consequence of the hard-wiring that connects the IC to lower and higher regions but rather is highly dynamic because of the functional reconfigurations induced by serotonin and almost certainly other neuromodulators as well.
